The aim of this study was to determine which vessels are important for the exchange of small molecules, such as glucose, from the microcirculation into an immunoisolation device. Reasonably, those vessels should be the ones of interest in histological evaluations. In a previous study, we examined the diffusion of glucose from the microcirculation into immunoisolation devices that had been implanted subcutaneously in rats for various times (i.e., 1, 2, and 4 weeks and 3 months). The glucose kinetic data were then correlated with the number of vascular profiles within 15 and 250 µm from the device. Significant correlations were found only at 250 µm. To examine the relation further between function and vascularization, we used the histological samples from the previous study and counted vascular profiles within various distances between 15 and 400 µm from the device. The number was then correlated with the already available glucose kinetic data. The highest correlations were found at 75 and 100 µm (p < 0.05). We therefore suggest that vascular profiles within 100 µm should be used when evaluating the vascularity of tissue surrounding an immunoisolation device. We also studied neovascularization asymmetries between the side of the membrane facing the skin and that facing the muscle. At 1 and 2 weeks about half of the devices were mainly vascularized on the side facing the skin, whereas the rest were equally vascularized on the two sides. At 3 months, all devices were well vascularized, and no striking vascularization asymmetries were seen.
INTRODUCTION
close vascular structures. They then constructed a bilaminar device with an inner immunoisolation membrane Encapsulation of cells in a semipermeable membrane covered by the neovascularizing membrane. This was (4, 7, 13, 14, 16, 17) can provide a nonpharmacological methlater named the TheraCyte TM device (TheraCyte, Inc., Irod for immunoprotection of cellular grafts. The encapvine, CA). When Padera et al. studied the time course of sulated graft depends on the exchange of oxygen and membrane microarchitecture-driven neovascularization, nutrients between the lumen of the device and the survascular structures within 15 µm were again used for rounding microcirculation. However, implantation of the histological evaluations (9). However, Trivedi et al. evaludevice often initiates a foreign body reaction, inducing ated vessels at greater distances from the device's surthe development of an avascular fibrotic capsule around face (i.e., 100 and 200 µm), as well as close vascular it (1, 3, 5, 8, 12, 13, 17) . This capsule reduces the exchange structures, when studying the effect of vascular endotheacross the membrane, which impairs function and surlial growth factor (15). It seems reasonable that vessels vival of the graft. If an increase in vascularity could be at a greater distance than 15 µm can affect the supply induced in the surrounding tissue, it seems reasonable to of oxygen and nutrients to the encapsulated cells, and assume that graft survival would improve.
should therefore be of interest in histological evalua-On the basis of this hypothesis, Brauker et al. (2) tions. screened various membranes for their ability to induce
In the case of islet encapsulation, diffusion of glucose neovascularization. To evaluate the capacity for neovasis of critical importance, because glucose regulates the cularization, they counted vascular profiles within 15 release of insulin. We have previously studied the transµm from the surface of the membranes, the so-called port of glucose from the microcirculation into the Thera-714 SÖ RENBY ET AL.
Cyte TM device (10). In that study we also correlated the facing the skin was marked with ink. The composition of the tissue at the site of implantation was also as-data from the glucose measurements with the number of close vascular structures, but found no correlation. When sessed, by examining full thickness skin samples of naive tissue and samples of skin covering the implanted we instead counted vascular profiles within 250 µm, which is about the distance to the outer supportive mate-devices. rial of the device, there was a significant correlation Histological Studies with glucose transport. However, both 250 and 15 µm were arbitrarily chosen distances. To improve the histo-Explanted devices were put in Histofix TM (Histolab Products AB, Gothenburg, Sweden) and dehydrated. logical evaluation, we extended the study. Our purpose was to determine a minimal relevant distance within They were then divided longitudinally, embedded in paraffin, and cut with a microtome (Leica Microsystems which vessels should be examined. We therefore counted vascular profiles within various distances from the AB, Sollentuna, Sweden). Sections, about 5 µm thick, were stained with hematoxylin and eosin. surface of devices that had been implanted for various times. The results were then correlated with the glucose In the first part of the present study, the number of vascular profiles at various distances from the mem-kinetic data that had already been obtained in the previous study. We also studied the longitudinal neovascu-brane surface was evaluated longitudinally, using histological samples from the study by Rafael et al. (10). We larization process, including potential vascularization asymmetries between the side of the membrane facing examined micrographs taken from 1 cm in the middle of the membrane, at a final magnification of ×325 (i.e., the skin and that facing the muscle when implanted subcutaneously.
an average of 24 micrographs per membrane). Distances of 15, 25, 50, 75, 100, 200, 300, and 400 µm from the MATERIALS AND METHODS outer surface of the isolating membrane were marked on The TheraCyte TM Device the micrographs and vascular profiles within the various distances from the membrane surface were counted. All The TheraCyte TM immunoisolation device has been evaluations were done blindly by the same investigator, described in detail elsewhere (6) . It consists of a twowho was trained in identifying vascular profiles by evallayer polytetrafluoroethylene membrane. The inner imuating numerous stained histological sections under exmunoisolation membrane (Millipore, Bedford, MA) has perienced supervision. The vascular profiles were identia pore size of 0.45 µm. It is permeable to small molefied by their shape, the presence of an endothelial cell cules, but not to cells. The outer membrane (Gore, Flagnucleus at the inner surface of the profile, or by the presstaff, AZ), with a pore size of 5 µm, can induce neovasence of erythrocytes inside the profile. The intraobserver cularization (2) . A nonwoven polyester mesh backing is variability was less than 5%. It was determined by evalattached to the vascularizing membrane and covered uating a second set of micrographs of some membranes. with a woven polyester mesh ( Fig. 1) .
Thus, the vascular profiles of those membranes were Animals and Surgical Procedures counted twice, with at least 1-week interval.
In the second part of the study, neovascularization All studies were approved by the local Animal Ethics Committee. The animals were maintained in accordance asymmetries around the device were evaluated longitudinally. The membranes stained with ink were examined with the requirements of the Animal Welfare Act and the National Institutes of Health guidelines for the care with light microscopy. The degree of vascularization was determined semiquantitatively on the side of the and use of laboratory animals. Male Sprague-Dawley rats (ALAB/B&K, Sollentuna, Sweden) weighing 200-membrane facing the skin and that facing the deep muscle. Membranes were divided into three categories ac-250 g were anesthetized using pentobarbital (Pentobarbitalnatrium, 60 mg/ml, Apoteket Produktion & Labora-cording to the differences in vascularity of their two surfaces: i) no striking difference, ii) moderate difference, torier, Umeå, Sweden) in a dose of 0.1 ml/100 g b.wt. After explanting the device, animals were euthanized and iii) marked difference. under anesthesia with CO 2 inhalation.
Measurements of Glucose Kinetics When we studied vascularization asymmetries of explanted devices in the previous study, we found it diffi-
The glucose kinetic data reported by Rafael (10) were used to assess the correlation between the number of cult to distinguish between the side of the membrane facing the skin and that facing the muscle. Therefore, vascular profiles at various distances and glucose transport. In that study, microdialysis was used to measure fresh devices (n = 27) were implanted for various periods (i.e., 1 and 2 weeks and 3 months) to evaluate the glucose kinetics at 1, 2, and 4 weeks and 3 months after implantation. A microdialysis probe was introduced neovascularization process. Before explantation, the side through the port into the lumen of the implanted device, before an IV glucose tolerance test (IVGTT) was done. The dialysate was collected for 100 min and glucose concentrations were analyzed. After the IVGTT, devices were explanted. We divided the 100 min and its corresponding area-under-the-curve (AUC 0-100 ) into two phases, because of a biphasic disappearance pattern of glucose from blood. The early phase was defined as the first 40 min of the IVGTT (AUC 0-40 ), and the late phase as the remaining 60 min (AUC 40-100 ). The peak concentration of the dialysate was called C max (mmol/L) and the time taken to reach C max was referred to as time-to-peak (TTP, minutes).
In the present study, seven devices were included in each study group. The corresponding glucose kinetic data are shown in Table 1 . A few devices from Rafael's The data are presented as mean ± SD. We also calculated the coefficient of variation to compare the variations between the various groups. Regression analysis
The number of vascular profiles tended to increase from was used to evaluate the relations between the number 1 week to 3 months at all distances ( Table 2 ). The inof vascular profiles and glucose kinetics. Values were crease was significant at 50, 75, 100, and 200 µm (p < considered significant if p < 0.05. The neovasculariza-0.05). The greatest variations in the number of vascular tion process during the study was assessed by comparing profiles within each distance occurred at 2 weeks. At all the number of vascular profiles at 1 week with that at 3 times, the shortest distances showed the largest variamonths using the unpaired Student's t-test with Bonfertions. roni's correction.
The correlations between the number of vascular profiles and glucose kinetics at various distances are shown RESULTS
in Figure 2 . The highest correlations were found at 75 Correlations Between Vascularity and Glucose Kinetics and 100 µm for AUC 0-40 , AUC 40-100 , AUC 0-100 , and C max ( p < 0.05). The number of vascular profiles was signifi-All devices were macroscopically intact at explantation. On microscopic examination, no tissue was found cantly correlated with AUC 0-40 from 15 to 300 µm, AUC 40-100 had significant values ranging from 25 to 200 in the lumen of the devices, which confirmed that the membranes were intact.
µm, AUC 0-100 between 25 and 300 µm, and C max had significant values from 50 to 300 µm. TTP showed a At 3 months, devices were well vascularized ( Fig. 1 ). Values are mean ± SD, taken from Rafael et al. (10) and reproduced with permission. AUC 0-40 , area under the curve in the early phase (i.e., the first 40 min); AUC 40-100 , area under the curve in the late phase (i.e., the remaining 60 min); AUC 0-100 , area under the curve during 100 min of measurements; C max , peak glucose concentration; TTP, time-to-peak concentration. Values are mean (number of vascular profiles/cm of membrane length) ± SD and coefficients of variation (%). The largest coefficients of variation were found at 2 weeks. different pattern with significant correlations only with lengths (tortuosity) of the vessels. Our previous study (10) was probably the first to correlate function with the vascular profiles within 300 and 400 µm.
vascularization around immunoisolation devices for cell Comparison of the Vascularization Between transplantation. Because counting vascular profiles is the Skin and Muscle Surfaces of the Device time consuming, it would be useful if the method could be improved by determining the shortest but still rele-Vascularization asymmetries around the device were found at 1 and 2 weeks. At 1 week (n = 8), four devices vant distance from the membrane surface, within which vessels should be counted. showed marked differences in the number of vascular profiles between the side facing the skin and that facing
In several studies, the number of vascular structures within 15 µm from the surface of the vascularizing the muscle, one had moderate differences, and three had no striking differences. Those with no striking differ-membrane has been used for histological evaluations (2, 9, 15) . In those studies the vascular profiles were ences had few vascular profiles on both sides, unlike those with marked differences, which had more vascular sometimes more than 100 µm apart from one another. If vessels lying that far apart can sustain the encapsulated profiles on the side facing the skin (Fig. 3) . The findings were similar at 2 weeks (n = 9) apart from another de-cells between them, we hypothesized that vessels more than 15 µm from the device's surface should also be vice, which had moderate differences. At 3 months (n = 10), no striking differences were seen around any device important for the function and survival of the encapsulated graft. (Fig. 4 ). All devices were well vascularized at 3 months after transplantation.
The implantation of an immunoisolation device induces a foreign body reaction with inflammation and fi-In the naive tissue samples, a thin muscle layer, the paniculus carnosus, was observed just beneath the hair brosis. This results in an avascular fibrotic capsule, which impairs the diffusion of oxygen and nutrients to follicles. Between this thin layer and the deeper thick muscle layer, we found a mixture of well-organized con-the encapsulated graft (1, 3, 5, 8, 12, 13, 17) . Moreover, the inflammatory process itself may have adverse effects nective tissue, thick fat layers, and loose connective tissue with blood vessels and fat cells. The samples from (e.g., by local production of toxic cytokines). Brauker et al.
(2) screened a variety of membranes for foreign body skin covering implanted devices consisted of the upper thin muscle layer and parts of the underlying connective reactions. They found that those with larger pores could induce vascularization at the membrane-tissue interface. tissue.
To achieve immunoisolation, the vascular-inducing mem-DISCUSSION brane was laminated to another membrane with smaller pores. This principle was used to construct the Thera-The number of vascular structures around the immunoisolation membrane is often used as one histological Cyte TM device (6) . In subsequent studies by others, the number of close vascular structures has often been used criterion for evaluation of biocompatibility. It can also be used to assess other methods aiming to improve neo-as a criterion for histological evaluation. Our studies show that the highest correlations between glucose ki-vascularization. Obviously, the vessels of interest in these evaluations should be the ones that are able to con-netics and vascular profiles are found within 75-100 µm from the surface of the membrane. We therefore believe tribute to the support of the encapsulated graft. In our studies we have chosen to count the number of vascular that close vascular structures may improve the transfer across the membrane, but are not the only ones that sus-profiles, which will reflect the number as well as the tain the encapsulated graft. In the case of islet transplan-collected in 5-min aliquots. To obtain the actual value of TTP, continuous measurements would be required. tation, near physiological glucose kinetics are important for achieving metabolic control. C max is thus important When counting vascular profiles we observed that the degree of vascularization differed between the two sides for the peak of the insulin response, and AUC for the total amount of insulin released. TTP plays an important of the membrane in some devices. We therefore did further studies on devices in which the skin side had been role in the temporal regulation of the insulin response. As regards TTP, the only significant correlations were marked with ink before explantation. Those implanted for 1 and 2 weeks were either more vascularized on the found at 300-400 µm. The reasons for this unexpected pattern are uncertain, but one explanation could be that side facing the skin or had a low degree of vascularization on both membrane sides. At 3 months, all devices the measurements for determining TTP were not exact. Due to small sample volumes the dialysate had to be were well vascularized on both sides. Thus, the vascu-and that facing the deep muscle (9,15). Trivedi et al. (15) found no differences in devices that had been implanted for 2 weeks when counting vascular profiles within 200 µm. On the other hand, Padera et al. (9) noted side differences in the devices explanted on day 7. Some of them were still seen on day 21, but they had largely disappeared at 329 days. However, the orientation of the membranes had not been marked before explantation, and could only be determined by examinations of the surrounding tissue. Our naive tissue samples showed that the subcutaneous layer at the site of implantation consists of a mixture of loose and dense connective tissue and fat tissue in various positions. Consequently, all the various tissues could be on either side of the membrane. Furthermore, the rat has a thin subcutaneous muscle layer, the paniculus carnosus, that has no correspondence in humans. Therefore, marking of one larization process seems to start at the skin side and then becomes equal on the two sides. However, the time needed for the vascularization process varies. Particularly at 2 weeks, we found large differences in the extent of vascularization between various devices, which are shown by the high coefficients of variation. At 4 weeks and 3 months, the various devices were more equally vascularized. The importance of vascularization is shown by a study performed by Rafael et al. (11). They found an increase in cell survival, when devices were implanted 3 months before they were loaded in situ, compared with when the devices were filled at the time of implantation. 
